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Available online 18 May 2013Rutile TiO2 nanorods on ﬂuorine-doped thin oxide glass substrates via the hydrothermal technique were synthesized and deco-
rated with a sputtered CdTe layer to fabricate a core–shell type n-TiO2/p-CdTe solar cell. Absorbance spectrum veriﬁed the absorp-
tion contribution of both TiO2 and CdTe to the absorption process. The solar cell parameters, such as open circuit voltage, short
circuit current density, ﬁll factor and power conversion eﬃciency were found to be 0.34 V, 1.27 mA cm2, 28% and 0.12%,
respectively.
 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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structures have attracted much attention because of
their potential applications in various areas, such as so-
lar cells [1], photo-electrochemical hydrogen production
[2], ﬁeld emission devices [3] and gas detectors [4]. How-
ever, TiO2 nanorod (NR) based solar cells have become
particularly interesting for enabling the production of
highly eﬃcient solar cells in a cost-eﬀective way. Various
solar cell device structures have been proposed based on
vertically oriented NR, axial, core–shell (or radial) and
NR embedded in thin ﬁlms [5]. Of these device architec-
tures, the core–shell, consisting of a one-dimensional
(1-D) core semiconductor decorated with a thin layer
(shell) of complementary material, is of particular inter-
est to form a p–n heterojunction functioning as a solar
cell in a radial direction. With such a device structure
model, it is expected that the competition between light
absorption and charge collection that exists in planar
photovoltaic (PV) designs would be relieved by orthog-
onalization of these two processes and the possibility of
separately optimizing light absorption and charge col-1359-6462/$ - see front matter  2013 Acta Materialia Inc. Published by El
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bilkent.edu.tr; aokyay@stanfordalumni.orglection. A core–shell solar cell oﬀers not only enhanced
light absorption (light trapping by NR), but also eﬃ-
cient charge collection (by single crystal channels of
NR) to electrodes as long as core radius and shell thick-
ness are optimized properly.
So far, numerous core–shell structures, including
ZnO/Er2O3, ZnO/ZnS, V2O5/ZnO, ZnSe/CdS, ZnO/
CdTe, TiO2/CdTe and CdS/CdTe, have been reported
[6]. In addition, although there are numerous studies
on dye-sensitized 1-D nanostructured solar cells, little
eﬀort has been focused on the integration of 1-D nano-
structured inorganic materials to fabricate semiconduc-
tor-synthesized solar cells. Among type-II core–shell
structures, TiO2/CdTe is a promising material combina-
tion because of the superior properties of TiO2 NR and
the excellent properties of the CdTe material pair, with
an ideal band gap (1.45 eV) matching the most abun-
dant part of the solar spectrum, a high absorption coef-
ﬁcient (10  105 cm1 at 700 nm) and long-term stability
[7].
It is well known that there are three diﬀerent poly-
morphs of TiO2 (brookite, anatase and rutile), with dif-
ferent electrical and optical properties. Of these
structures, the rutile phase is the most stable, which
makes it a promising structure for nanomaterial-based
opto-electronic applications [8]. As TiO2 is a wide bandsevier Ltd. All rights reserved.
Figure 1. SEM images of TiO2 NR synthesized on a FTO pre-coated
glass substrate recorded at (a) low magniﬁcation and (b) high
magniﬁcation. (c) Cross-sectional and (d) tilted view of SEM images
of TiO2/CdTe core–shell solar cell.
Figure 2. TEM images of CdTe decorated TiO2 NR: (a) low-
magniﬁcation image showing a baseball-bat-like structure of fabricated
core–shell type solar cell; (b) image showing the variation in radius of
CdTe decorated TiO2 NR from bottom to top; (c) high-magniﬁcation
image contrasting the boundary between TiO2 and CdTe phases.
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able to absorb sunlight in the visible range. However, a
core–shell solar cell based on TiO2/CdTe is expected to
be suitable for the absorption of sunlight in a broad
photon wavelength range, which plays a crucial role in
the fabrication of high-eﬃciency low-cost solar cells.
A number of techniques have been reported for the
synthesis of 1-D TiO2 nanostructures (NR, nanowires
and nanotubes), including hydrothermal [9], electro-
chemical anodic oxidation [10] and chemical vapor
deposition [11]. Among these, the hydrothermal tech-
nique oﬀers several advantages over the others, owing
to its simplicity, reaction velocity and cost suitability,
which enables the construction of highly eﬃcient solar
cells on various substrates, such as glass [12], titanium
[13] and ﬂuorine-doped thin oxide (FTO) [14].
This paper reports an n-TiO2/p-CdTe core–shell solar
cell constructed by a two-step route combining the
hydrothermal method for the synthesis of TiO2 NR
and the sputtering technique for the decoration of
TiO2 NR with a thin CdTe layer. In other words, rutile
TiO2 NR on FTO glass substrates via the hydrothermal
technique were synthesized and subsequently decorated
with a sputtered CdTe layer to fabricate a core–shell so-
lar cell, the structural, electrical and optical properties of
which were investigated in detail.
TiO2 NR were synthesized on FTO (10  50 mm)
substrate using hydrothermal growth technique, details
of which have been given elsewhere [15,16]. The verti-
cally well-oriented dense arrays of TiO2 NR obtained
were coated with a 250-nm-thick CdTe layer using
the sputtering technique to form the n-TiO2/p-CdTe
core–shell type solar cell. The deposition of the CdTe
layer was carried out under 1  103 Torr Ar gas pres-
sure at a 0.6 A˚
0
s1 deposition rate, employing 70 W
RF power using a CdTe target, the thickness of which
was monitored simultaneously by a quartz crystal mon-
itor (Inﬁcon XTM/2). Following the deposition of the
CdTe layer, 10 nm Cu and 40 nm Au metallic layers of
top contacts were deposited by thermal evaporation,
using a dot-patterned copper shadow mask, and subse-
quently post-annealed at 120 C for 30 min to facilitate
the formation of ohmic-type contacts. Structural charac-
terization of the grown TiO2 NR and deposited CdTe
thin ﬁlm was carried out by performing X-ray diﬀrac-
tion (XRD) and transmission electron microscopy
(TEM) measurements, using a Rigaku Miniﬂex model
XRD system with a Cu Ka X-ray source and an FEI
Tecnai G2 F30 model, respectively. Surface morphology
and cross-sectional images of TiO2 NR and solar cell
structure were recorded using a FEI Nova Nanosem
430 model SEM microscope. A Varian Cary 5000 model
UV-VIS-NIR spectrophotometer was used for the
absorption measurement in the 350–1000 nm wave-
length range. The photoresponsivity of the fabricated
device was measured at a reverse bias of 0.5 V in the
300–900 nm wavelength range using a white light source,
details of which are given elsewhere [15]. The solar cell
performance of the fabricated device was tested in a Or-
iel 1000 W solar cell simulator setup (under AM 1.5
conditions).
Figure 1a and b shows the top view SEM images of
TiO2 NR grown on a FTO pre-coated glass substrate re-corded at low-magniﬁcation and high-magniﬁcation,
respectively. Figure 1a shows dense arrays of TiO2
NR, grown successfully and distributed homogeneously
over the FTO surface. Figure 1b shows that the length
of the synthesized NR is 1.8 lm, and the average
diameter is 100 nm. In Figure 1c and d, a SEM
cross-sectional view and a tilted view of SEM micro-
graphs of the constructed TiO2/CdTe core–shell are
indicated after decorating TiO2 NR with a sputtered
250-nm-thick CdTe thin ﬁlm. It is clear from these
SEM images that the shape of TiO2 NR following the
deposition of CdTe is baseball-bat-like. In other words,
the diameter of the core–shell TiO2 increases from bot-
tom to top.
In order to study the microstructure and morphology
of the core–shell formed, TEM measurement was per-
formed. Figure 2a shows a low-magniﬁcation TEM im-
age of TiO2 NR coated with a CdTe thin ﬁlm. The
variation in diameter of the core–shell was also observed
from TEM images, shown in Figure 2a and b. The for-
mation of this type of core–shell can be attributed to the
deposition parameters of CdTe. The deposition rate is
playing a particularly important role in determining
the form of core–shell, as a balanced crystal growth rate
and deposition rate is required for a conformal coating
of 1-D nanostructures. As reported earlier [6], when
Figure 3. (a) XRD pattern recorded for CdTe decorated TiO2 NR. (b)
UV–VIS-NIR absorption spectra obtained for core–shell TiO2/CdTe
and TiO2 NR in the 350–1000 nm wavelength range.
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process exceeds the deposition rate, it is expected that
there will be suﬃcient time for the nucleation on the sur-
face of TiO2 NR to form this type of formation. Fur-
thermore, to investigate the interface region formed
between TiO2 and CdTe, a high-resolution TEM image
was recorded and is shown in Figure 2c. The ﬁgure
shows that not only is the boundary between TiO2 and
CdTe phases diﬀerentiable (the brightness contrast be-
tween the layers), but the crystal planes of each phase
are also clear.
To identify the existing phases in the core–shell struc-
ture constructed based on CdTe decorated TiO2 NR on
the FTO pre-coated glass substrate, XRD measurement
was carried out. Figure 3a shows the recorded XRD pat-
tern for the fabricated device. The peaks that can be seen
emerging from the pattern are associated with FTO,
TiO2 and CdTe, which constitute the components of
the designed solar cell [15,17]. The identiﬁed phase of
TiO2 NR from the XRD ﬁgure belongs to the rutile
crystal structure (tetragonal, P42/MNM). As for theFigure 4. Variation in responsivity of TiO2/CdTe core–shell device. (b) J–V
shows the J–V characteristic in the 0–0.7 V range.CdTe deposited on TiO2 NR, based on XRD analysis
it was identiﬁed to be in a cubic system indexed with
(111), (220), (311), (400), (331), (422) and (511)
planes, as labeled in Figure 3a [17].
The ultraviolet–visible near-infrared (UV-VIS-NIR)
absorption spectra of core–shell TiO2/CdTe and TiO2
NR in the 350–1000 nm wavelength range are shown
in Figure 3b, taking a FTO pre-coated glass substrate
as a reference sample during the measurement. In order
to contrast the contribution of the CdTe thin layer, the
area under each curve is highlighted. The presence of
two onsets observed in the absorption spectrum located
at 885 nm (1.4 eV) and 410 nm (3.02 eV) correspond to
the band gaps of CdTe and TiO2, respectively, and indi-
cates the absorption contribution of both materials to
the absorption process, which enables the broadening
of the absorption spectrum including UV, VIS and
NIR parts of solar spectrum that can be deduced from
the highlighted area under each curve. In other words,
a wide range of light spectrum can be absorbed with this
type of material-combination-based solar cell, which
may promote the fabrication of this type of solar cell,
since it is capable of making use of the most abundant
part of solar spectrum, covering the energy range be-
tween 1.4 eV and 1.6 eV.
The variation in responsivity of the TiO2/CdTe core
shell device as a function of wavelength in the 300–
900 nm range is given in Figure 4a, measured at a re-
verse bias of 0.5 V at room temperature. The ﬁgure
shows that photoresponsivity covers photon energies
ranging from UV to NIR, consistent with the study of
absorption shown in Figure 3b. The spectral variation
in photoresponsivity in Figure 4a shows that there are
humps located at 600 nm (2.06 eV), 775 nm (1.6 eV)
and 854 nm (1.41 eV), among which 854 nm matches
the optical band gap of CdTe. As for the others, they
may be originating from deep levels in a forbidden en-
ergy region related to the defect states formed either in
TiO2 crystal or at the interface formed between TiO2
and CdTe in core–shell structure, which are contributing
to the current under illumination and generate the
humps observed in the photocurrent spectrum.
A prototype solar cell based on an n-TiO2/p-CdTe
core–shell type was fabricated, and its performance
was tested under AM 1.5G illumination using an Oriel
1000 W solar cell simulator setup controlled with New-
port I-V software. A Cu/Au dot pattern and FTO were
assigned as the top and bottom contacts, respectively,characteristics of n-TiO2/CdTe core–shell type solar cell. Inset ﬁgure
326 H. Karaagac et al. / Scripta Materialia 69 (2013) 323–326during the measurement. The current density–voltage
(J–V) characteristics of the solar cell in the dark and
under light illumination are shown in Figure 4b. A rec-
tiﬁcation of current is observed, verifying the existence
of the p–n heterojunction formed between CdTe and
TiO2. It is clear from the ﬁgure that the device exhibits
PV behavior that one can deduce from the shift ob-
served in the J–V curve recorded under illumination
with respect to that measured in dark conditions. From
the J–V curve obtained under light illumination, the so-
lar cell parameters such as open circuit voltage (Voc),
short circuit current density (Jsc), ﬁll factor (FF) and
power conversion eﬃciency (g) were extracted and
found to be 0.34 V, 1.27 mA cm2, 28% and 0.12%,
respectively.
It is not possible to compare the solar parameters
obtained, since no reported studies have been found
elsewhere based on the same structure. However, a
core–shell solar cell based on CdTe decorating TiO2
nanotube arrays was reported by M. Zhang et al. [7].
In that study, Voc and Jsc were calculated to be 0.23 V
and 1.23 mA cm2, respectively with a corresponding
power conversion eﬃciency of 0.10%, which is slightly
lower than that obtained with CdTe decorating a TiO2
NR-based core–shell solar cell. The low performance
of the solar cell may stem from the surface states at
the TiO2 and CdTe interface (observed in Figure 4a),
which could result in the formation of deep levels as well
as shallow levels within the band gap, by which the col-
lection eﬃciency of photo-generated carriers are signiﬁ-
cantly reduced. The fabrication of a more eﬃcient solar
cell based on core–shell CdTe/TiO2 NR is possible as
long as structural, electrical and optical properties of
both core (TiO2 NR) and shell (CdTe) materials are ar-
ranged properly. In other words, there are many issues
to be solved in such a solar cell to enhance the power
conversion eﬃciency, including the quality of the depos-
ited thin ﬁlm (grain sizes, mobility), the morphology of
the synthesized TiO2 NR (length, radius, density and
orientation of them), and electrical contacts to CdTe-
coated TiO2 NR. In addition to these, the post-produc-
tion process, such as CdCl2 treatment of CdTe thin ﬁlm,
is expected to improve the power conversion eﬃciency
of the solar cell, as it increases grain size in the polycrys-
talline structure of CdTe, by which the probability of
recombination or trapping of charge carriers lowers as
a result of the decrease in the number of grain
boundaries.
In conclusion, vertically aligned well-oriented TiO2
NR were synthesized on a FTO pre-coated glass sub-
strate. A CdTe decorated TiO2 NR-based core–shell
type solar cell was fabricated by deposition of a 250-
nm-thick CdTe thin ﬁlm by the RF sputtering tech-nique. Devices exhibited p–n characteristics in the dark
and under light illumination conditions at room temper-
ature. Photoresponsivity measurement revealed that the
fabricated device is sensitive to a broad wavelength
range from UV to NIR, consistent with study of the
absorption spectrum. PV properties were determined
under AM 1.5G illumination. For the n-TiO2(NR)/p-
CdTe(thin ﬁlm) core–shell type solar cell, the PV behav-
ior was observed, and a 0.12% eﬃciency was obtained,
which suggested that it could be improved by carrying
out optimization to increase the quality of the deposited
thin ﬁlm, the morphology of the synthesized TiO2 NR
and contact to CdTe-coated TiO2 NR.
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